We have demonstrated an all-normal-dispersion passively mode-locked Yb-doped fiber laser using a graphene oxide/polyvinyl alcohol (GO-PVA) saturable absorber without surfactant, for the first time to the best of our knowledge. The experimental results show that the pulse duration of the mode-locked lasers varies from 191 ps to 1.68 ns, while the cavity round trip time changes from 24 to 458 ns, through the variation of the cavity length. In addition, the proposed passively mode-locked fiber laser demonstrates a maximum average output power of 539 mW with a laser cavity length of 94 m, and the corresponding single pulse energy reaches 0.429 µJ. The proposed mode-locked fiber lasers with large chirp pulses may find potential applications in fiber chirped pulse amplification systems for micromachining, material processing and diagnostic applications.
Introduction
Passively mode-locked fiber lasers have been extensively studied owing to the advantages such as high beam quality, high stability, compactness, fiber compatibility, and low maintenance for potential applications in micromachining, supercontinuum generation, and optical frequency metrology [1, 2] . Various saturable absorbers (SAs) have been utilized to achieve passively mode-locked fiber lasers. Among them, semiconductor saturable absorber mirrors (SESAMs) have been widely used for generating Q-switched and mode-locked laser pulses [3] [4] [5] [6] . However, the complex fabrication and narrow tuning range of SESAMs limit their practical usage. Recently, the effectiveness of single-wall carbon nanotubes (SWCNTs) [7] [8] [9] [10] [11] and graphene as SAs [12] [13] [14] [15] [16] has been demonstrated due to their ultra-fast recovery time, easy fabrication and broadband saturable absorption characteristics.
Very recently, another type of graphene-based material, graphene oxide (GO), has been used as an SA in mode-locked fiber lasers as well as in solid-state lasers [17] [18] [19] [20] [21] [22] [23] . GO can be mass produced in industry by the modified Hummers method, which makes the cost low [24] . In addition, GO nanosheets can be dissolved in water for its carboxyl and hydroxyl groups, thus allowing it to be mixed with polyvinyl alcohol (PVA) very well in the aqueous solution. The currently available mode-locked fiber lasers based on GO have all been reported in the 1.5 µm regime using Er-doped fibers [25] [26] [27] . However, passively mode-locked fiber lasers using GO as SAs in the 1 µm regime (i.e. in the all-normal-dispersion regime) that can produce large pulse chirps for enhancing the optical output power have not been demonstrated yet.
In this letter, we demonstrate an all-normal-dispersion passively mode-locked Yb-doped fiber laser based on a new type of GO-PVA absorber. The fabricated GO-PVA solution contains no surfactant, which can greatly decrease non-saturable losses and strong scatterings in the GO-PVA SA. Stable mode locking was obtained with different laser cavity lengths. The pulse durations of the laser varied from a few hundred picoseconds to nanoseconds with increasing cavity length. The output power can be further amplified to reach more than 500 mW with the cavity length of 94 m, which corresponds to the pulse energy of 0.429 µJ. The generated high energy pulses with large chirps have potential applications in the chirped pulse amplification (CPA) system.
Experimental setup
There are several differences in the fabrication of GO-PVA absorber between this experiment and the one in [23, 28] . Generally, (CNT or graphene)-polymer composite absorbers must contain a surfactant impurity in the fabrication of SWCNT or graphene dispersion [29] . The impurity may increase the non-saturable losses and cause strong scattering in the composite film. Graphene oxide can be dispersed very well into water without surfactant such as sodium dodecyl sulfate (SDS), thus reducing the non-saturable scattering losses related to surfactant impurity.
The GO dispersion and GO-PVA solution were fabricated without surfactant so as to decrease impurities in the absorber. The transmission of absorbers in fiber lasers can be lower than that in solid-state lasers because the power intensity in the fiber core is much higher. Furthermore, the absorber in mode-locked fiber lasers has a higher modulation depth than that in solid-state lasers. Therefore, we fabricate a GO absorber with high absorption by the adoption of high GO concentrations in the dispersion. The characteristics of the GO-PVA film can be controlled by modulating the composition of the GO and PVA in the aqueous solution. The increase of the composition of the GO in the solution will lead to the increase of saturable absorption and non-saturable losses, while enhancing the content of PVA in the solution will increase the hardness of the film. Therefore, both GO and PVA should be optimized to improve the mechanical and optical properties of the absorber. A UV-visible-NIR spectrophotometer was employed to measure the linear optical transmission of GO-PVA absorber film, as shown in figure 1 (a). The transmission around 1 µm is about 80%. We put the fabricated GO films on the facet of the fiber connector and measure the nonlinear transmission characteristics. Some loss will be induced from the fiber connectors. shows the nonlinear transmission and fitted curve of the GO film measured by a home-made passively mode-locked Yb-doped fiber laser with a repetition rate of 1.3 MHz, and a pulse width of about 700 ps. The saturable fluorescence intensity is 52 MW m −2 . Meanwhile, the modulation depth of GO film is 14.2% in the 1-µm wavelength regime. The inset in figure 1(a) shows the finished GO-PVA composite cell and the absorber on the facet of the fiber. Due to the strong viscosity of the PVA aqueous solution, the GO-PVA composite adheres to the wall of the polystyrene cuvette cell. When the evaporation is finished, the GO-PVA film loses its viscosity, so it can be stripped off the polystyrene cell easily with a pair of tweezers. Then we cut off the GO-PVA film into many small pieces and put one piece on the surface of the fiber connector as shown in the inset of figure 1(b) . Figure 2 shows the Raman spectrum of the GO absorber. The absorber was excited by a 532 nm laser. The spectrum reveals three characteristic peaks D, G, and 2D of the GO (D peak at 1362 cm −1 , G peak at 1605 cm −1 , and 2D peak at 2904 cm −1 ). The D peak is from the structural imperfections created by the attachment of hydroxyl and epoxide groups on the carbon basal plane. The G peak corresponds to the first-order scattering of the E 2g mode. The 2D band represents the existence of graphene material.
The center wavelength of the emission peak of the Yb-doped fiber (YDF) was about 1030 nm. As a result, mode locking at around 1030 nm was automatically obtained. Figure 3 shows a schematic diagram of the proposed fiber lasers based on the GO absorber in the cavity. A 0.3 m long YDF with an absorption coefficient of 1000 dB m −1 at 976 nm was used as the gain medium. In order to get mode locking solely by the GO absorber and guarantee the unidirectional operation, a polarization-independent isolator (PI-ISO) was used in the cavity. A polarization controller (PC) was mounted on the passive fiber to achieve different polarization orientation states in the cavity. A 30:70 optical coupler (OC) was used to couple out the light. The other fiber in the cavity with the pigtail of the passive components was HI-1060 fiber. The dispersion of the YDF was −38 ps km −1 nm −1 at 1030 nm, and that of the HI-1060 fiber was about −43 ps km −1 nm −1 at 1030 nm. In the experiment, we used different lengths of HI-1060 fibers in the cavity to obtain mode-locked pulses with different pulse widths. The fabricated GO absorber was inserted in the cavity through transferring a piece of free standing absorber, which was cut into 1 × 1 (mm 2 ) pieces, onto the end facet of a fiber pigtail via the van der Waals force. Since the fiber laser operated in the all-normal-dispersion regime, dissipative solitons with steep spectral edge could be obtained [30, 31] . The proposed fiber laser was pumped by a 976 nm laser diode (LD). In order to obtain higher output power, a home-made Yb-doped fiber amplification system was used to amplify the seed laser, which was composed of an isolator, a 2 × 2 optical coupler with 1% points for seed and reflect detection, a piece of 10 m long 5 µm core (NA = 0.120) double cladding YDF, a matched combiner, and a 940 nm laser diode.
The spectra were monitored by an optical spectrum analyzer (OSA, Yokogawa AQ-6370), and the mode-locked pulse trains were detected by a 6 GHz digital storage oscilloscope (DSO), together with an 11 GHz photodetector (PD).
Experimental results and analyses
Continuous wave (CW) operation of the fiber laser starts at a low pump power. With different lengths of the fiber cavity, self-started mode locking can be obtained by increasing the pump powers. Figure 4 summarizes the mode-locked states based on the GO with 5 m, 24 m, and 94 m long fiber Further increasing the cavity length to 94 m, the spectrum with a bandwidth of 0.71 nm and the pulse train with a period of 458.82 ns are obtained at a pump power of 70 mW, as shown in figures 4(e) and (f). The output power is 6 mW. The pulse train periods match with the cavity round trip times, which are the characteristics of the mode-locked operation. It is observed that the mode-locking threshold of the fiber laser decreases when the cavity length is increased. This is mainly because the longer fiber cavity will lead to large nonlinearity in the fiber cavity.
We further investigate the pulse characteristics. Figure 5 shows different pulse durations of 191 ps, 598 ps, and 1.68 ns corresponding to the cavity length of 5 m, 24 m, and 94 m, respectively. It shows that the pulse duration increases with the cavity length. Further increase of the cavity length will lead to a long pulse width, which demonstrates the possibility of getting pulse duration in the range from picoseconds to nanoseconds by tuning the cavity length. The pulse energy is also increased with the cavity length.
The time-bandwidth products (TBPs) of the mode-locked fiber lasers are 28.16, 110.1, and 337.9 for different cavity lengths, which indicates that the pulses are far from the transform-limited pulse width. By using a home-made double-cladding-fiber (DCF) amplifier, we can obtain more than 500 mW output power for the fiber laser with the cavity length of 94 m. We use a 940 nm laser diode as a pump laser for the amplification system, so the slope efficiency is not as high as the one using the 976 or 915 nm laser diode. But the output power becomes stable, since there is a flat absorption band around 940 nm, which reduces the sensitivity to the fluctuation of the center wavelength and the temperature of the laser diode. Figure 6 shows the output power versus the pump power of the amplification system. The maximum output power of 539 mW is obtained at the pump power of 2.9 W, and the corresponding pulse energy is 0.429 µJ.
We can estimate that the average output power can be further amplified by using higher pump power in the amplification system. Since the pulse width is far from the transform limited width, the peak power of the pulse can be greatly reduced. So the pulse energy can be increased greatly without wave breaking. It is demonstrated that the all-normal-dispersion passively mode-locked fiber laser based on GO-PVA film can offer good performance in the CPA system for generation of a high energy pulse.
Conclusion
We demonstrate an all-normal-dispersion Yb-doped ring fiber laser passively mode-locked with a GO-PVA SA without surfactant. Self-started mode locking is obtained based on different cavity lengths. Pulse durations from picoseconds to nanoseconds can be obtained at cavity round trip times from 24 to 458 ns. A dissipative soliton with steep spectral edges can be obtained and the pulse has large chirps. An output power of more than 500 mW can be obtained, corresponding to the pulse energy of 0.429 µJ. The pulse energy can be further increased by using higher pump powers. This fiber laser configuration can potentially be used in laser micromachining and laser diagnostic systems.
